Introduction
Lung cancer is one of the most common malignancies worldwide, with an annual incidence of 1.61 million, and the leading cause of cancer-related deaths with 1.38 million deaths in 2008. 1 Newly developed immunotherapies are challenging the current treatment paradigms. Among these, TG4010, a recombinant Modified Vaccinia virus Ankara (MVA) encoding the human mucin 1 (MUC1) tumor-associated antigen, and interleukin 2, designed to target MUC1-positive cancers. TG4010, in combination with first-line standard of care chemotherapy, improved progression-free survival in patients with advanced metastatic non-small-cell lung cancer (NSCLC) compared to chemotherapy-only treated NSCLC patients in two different randomized and controlled phase 2b clinical trials. 2, 3 MVAbased immunotherapy depends on the induction of a specific cellular cytotoxic response to the target antigen. In preclinical experiments, we already showed that TG4010 treatment efficacy was dependent on MVA-driven MUC1 expression, and the presence of tumor-infiltrating CD8 C T cells. This effect could be enhanced by Toll-or Rig-like receptor ligands, demonstrating the key role of the tumor microenvironment. 4, 5, 6 Antibodies targeting the programmed cell death-1 receptor (PD-1) and its ligands (PD-L1, PD-L2) have been assessed in first and second line treatment of NSCLC. These immune checkpoint inhibitors (ICIs) have produced a rapid and durable response, particularly in patients with tumors expressing PD-L1. 7, 8 PD-1 is expressed on activated T cells and acts as a negative regulatory signal to limit peripheral T cell activity, und thus avoid tissue damage. Upon engagement by one of its natural ligands (PD-L1 or PD-L2), PD-1 inhibits kinases involved in T cell activation. 9 Coincidentally, this pathway serves as an immune escape mechanism for tumor cells. PD-L1 expressed on tumor cells binds to PD-1-expressing T cells and leads to decreased production of effector cytokines, lower cytolytic activity, and ultimately failure to eliminate cancer cells. [10] [11] [12] Since the accumulation of mutations in cancer cells leads to the expression of cancer-specific non-self-antigens, 13 blockade of this pathway results in the activation of tumor-specific T cells, leading to significant anti-tumor 14 Despite significant improvement of clinical outcome in a fraction of the patient population, a large proportion of subjects are yet non-responders to ICIs. Possible explanations for this lack of activity are the absence of anti-tumor T cells in the so-called "immune-desert" tumors or the tumor-induced inhibition of T-cell priming and activation. 15 In preclinical studies, it appeared that systemic treatment with MVA vectors augments CD8 C T cell proportions in mouse tumors and organs. 4 Considering these observations, combination of TG4010 and PD1-PD-L1-targeted ICIs has been considered as a promising strategy to augment tumor-specific CD8 C T cell proportions and, activate their cytotoxic action. 16 A clinical study is underway to evaluate TG4010 in combination with Nivolumab, an anti-PD-1 monoclonal antibody (NCT02823990) in patients with advanced NSCLC. The goal of the current preclinical study was to validate such combination regimens in mice presenting tumors in the lung. We could observe that systemic injection of MVA vectors led to the appearance of a defined CD3 dim CD8 dim T cell populations in the lung, comprising short-lived and early effector cells as defined in Plumlee et al., 17 among which antigen-specific T cells were detected. Repeated injection of MVA vaccines led to the upregulation of PD-1 on EECs. Extensive phenotyping at late tumor stage after repeated MVA vector injection also revealed a PD-1 C Treg population, and a multitude of PD-L1 C cell types. Thus, we intervened in a second step with a combination of anti-PD-1 and anti-PD-L1 to completely cover all potential binders of PD-1 and PD-L1. Such a sequential treatment with TG4010 and anti-PD-1/PD-L1 led to measurable effects on tumor growth and survival.
Results and discussion
To induce lung tumors, BALB/c mice were intravenously injected (caudal vein) with either CT26.CL25 or CT26-MUC1 cells. CT26.CL25 is a colon carcinoma cell line stably transfected with the retroviral vector LXSN that contains the lacZ gene encoding b-Galactosidase (bGal).
18 CT26-MUC1 is a clonal cell line obtained after stable transfection of CT26 cells (ATCC) with an expression plasmid encoding the G418-resistance gene and the human MUC1 gene under the control of SV40 and CMV promoters, respectively. Mice developed lung tumors within a few days after injection. Tumor progression led to dyspnea and weight loss, mice having lost 10% of their body weight were sacrificed. MVA vector were intravenously injected at day 2 and 9 after tumor cells injection. Reference median survival were 16 days and 34 days, for BALB/c mice bearing respectively either CT26.CL25 or CT26-MUC1 tumors when treated with an empty MVA vector. Intravenous therapeutic treatment with 10 4 pfu of MVA-bGal clearly enhanced the overall survival of BALB/c mice by 18 days, while treatment of BALB/c mice injected with CT26-MUC1 cells with 5 £ 10 7 pfu of TG4010 led to a survival increase of three days (Fig. 1A, B) . Noteworthy, while TG4010 provided a modest increase in median survival, the hazard ratio (HR) was largely in favor of TG4010 compared to empty MVA (HR: 0.48; CI [0.29-0.79]). This was due to the late separation of survival curves, a phenomenon well described in cancer immunotherapy. 19 The HR takes in account the overall survival curve, while calculation of the median only depends on the earlier part of the follow-up period; hence, this metric is more likely to reflect the overall effect of immunotherapeutic treatment. For instance, at 60 days, percentage survival was around 20% versus 5% in the TG4010 and control MVA treated animals, respectively.
Interestingly, a specific T cell subpopulation which we coined CD3 dim CD8 dim appeared in the lungs after repeated injection of MVA vaccines at one-week intervals ( Fig. 2A) . These CD127
¡ cells were earlier characterized as either shortlived effector (SLEC) or early effector cells (EEC), depending, respectively, on the expression or not of the killer-cell lectinlike receptor G1 (KLRG1). 17 In contrast to the proportion of CD3 C CD8 C T cells, that was not influenced by MVA injection, the proportion of CD3 dim CD8 dim cells increased after repeated MVA injections (Fig. 2B , lower panel). This phenomenon was independent of the presence of growing tumors within the lungs, and did not depend on the MVA-encoded transgene, as similar infiltrations were detected after injection of either empty MVA or MVA-bGal vectors (Fig. 2B , lower panel). In Figure 1 . Therapeutic effects of MVA vaccines in CT26 colon cancer tumor models. BALB/c mice were IV injected (caudal vein) with either 2 £ 10 5 CT26.CL25 (A) or CT26-MUC1 (B) cells. On day 2 and 9 after tumor challenge, mice were treated either with 1 £ 10 4 pfu of MVA-bgal (A) or 5 £ 10 7 pfu of TG4010 (B). An empty MVA vector was used as control in both models at the same dose. Mice were weighed twice per week and sacrificed when reaching 10% weight loss. Two to three independent experiments were carried out with groups of 10 to 15 mice per group. Overall survival rates represented as Kaplan-Meier curves were compared with a Log-rank test. Therapeutic treatment with 10 4 pfu MVA-bGal increased the survival by 18 days, while the treatment withTG4010 augmented the overall survival by 3 days. Animal experiments were conducted in compliance with EU directive 2010/63/EU. mice having received the MVA-bGal vector, the proportion of antigen-specific cytotoxic CD3 dim CD8 dim lymphocytes triple positive for IFNg, CD107a and Granzyme B were specifically increased as detected upon in vitro stimulation with the H-2d restricted bGal peptide T9L3 (Fig. 2B, upper panel) . Within all living cells present in lung cell suspensions, such multifunctional antigen-specific cells were readily detectable only within the CD3 dim CD8 dim population. An increase of NKG2D-positive cells within the CD3 dim CD8 dim populations was observed (data not shown), most likely associated with the appearance of this marker on activated CD8 T cells. 20 An implication of NKG2D C NK-T cells cannot be ruled out. In the CT26-MUC1 model, the appearance of CD3 dim CD8 dim lymphocytes in the lungs of TG4010-injected mice was also observed. However, MUC1-specific cytotoxic T cells were not detected (data not shown). This observation is in accordance with the reported low immunogenicity of human MUC1 in mice and the failure to detect antigen-specific effector T cells in the periphery, even though the vaccine effect depends on the expression of MVA-encoded MUC1. 4, 6 The relative inefficiency in generating MUC1-specific cytotoxic T cells or their exhaustion could be one probable reason for the comparatively weaker impact of MUC1-encoding TG4010 on survival rates compared to MVA-bgal in their respective tumor models.
To augment MUC1-specific response, we tested a combination treatment of TG4010 with an anti-PD-1 in the CT26-MUC1 tumor model. Concomitant administration of anti-PD-1 with TG4010 did not increase the survival rate (data not shown). Hypothesizing that antibody injection might not coincide with the presence of potential PD-1 C target cells, we studied the phenotype of various immune cells in tumor-bearing lungs. Fig. 3A shows the percentage of SLECs and EECs within the CD3 dim CD8 dim population. The percentage of SLECs significantly increased after the second virus injection and remained high up to 8 days after. The percentage of EECs also raised after the first virus injection and further increased after the second injection. Fig. 3B shows that PD-1 expression on EECs was significantly higher after one injection and further increased after the second injection. Thus, repeated treatment with a viral vector augments the frequency of SLECs and EECs comprised within the CD3 dim CD8 dim population, and leads to up-regulation of PD-1 on EECs, representing a sign of exhaustion of this cell type.
Another highly PD-1 C cell population was identified in late stage tumor-bearing lungs, among CD3 C CD4 C FoxP3 C Treg cells, which only partially disappeared after TG4010 treatment (Fig. 3C) . These presumably immunosuppressive PD-1 C Treg cells may represent another interesting target population for PD-1/ PD-L1 inhibition. 21 To identify binding partners for PD-1 C cells, we studied the PD-L1 expression in a variety of cell types in tumor-bearing lungs from mice treated or not with TG4010, taken at various time points after 20 days of CT26-MUC1 tumor growth (Fig. 3D) . PD-L1 expression was observed both on CD45 ¡ cells, including the CT26-MUC1 tumor cells, and all CD45 C studied populations: CD3
C , Treg and NK cells, monocyte/monocytic MDSC (Mo/Mo-MDSC) and neutrophil/Granulocytic MDSC (Neu/G-MDSC). Noteworthy, high PD-L1 expression was detected on alveolar macrophages (AM). Although there were no significant differences in the level of PD-L1 expression between MVA-treated and untreated samples, we observed a tendency of lower PD-L1 staining on 
CD8
C and CD3 dim CD8 dim cells. The lower panel displays the specific increase of CD3 dim CD8 dim T cells upon treatment with MVA in the lung from naive or tumor-bearing mice. Four independent experiments were performed and compared using the Wilcoxon-Mann-Whitney test with an adjusted p value of 0.025. The upper panel displays the results of antigen-specific T cell stimulation. Two x10 6 cells were ex vivo stimulated in 150 ml TexMACS medium (Miltenyi Biotec) in the presence of 1 mg anti-CD28 (abcam), and either the b-gal specific peptide T9L3 (TPHPARIGL), the control peptide T8G (TPHPARIG), or medium. Anti-CD107a-APC (clone 1D4B, eBiosciences) was added to detect degranulation events. Brefeldin A was added after one hour of incubation. After four hours, cells were analysed by flow cytometry for CD3, CD8 and KLRG1 as described before. After permeabilization (Cytofix/ Cytoperm, BD Biosciences), activation was assessed by intracellular staining with anti-IFN-g-FITC (clone XMG1.2, BD Pharmingen) or its isotype control, and anti-GranzymeB-Pacific Blue (clone GB11, BioLegend). To measure antigen-specific cytotoxic T cells, IFN-g-secreting living CD3 C
C or CD3 dim CD8 dim cells were identified by subtracting non-specific signals observed after staining with its isotype control. The frequency fold-change of IFN-g
C cells in the presence of the stimulatory peptide is shown in comparison to medium-stimulated control. The mean C/-SEM is calculated for three independent experiments. Fluorescence intensities were measured on a MacsQuant cytometer (Miltenyi Biotec) and data were analysed using Kaluza software (Beckman Coulter).
CD45
¡ cells which could be linked to a reduction of tumor load observed in preliminary histological studies on lung/tumor samples (data not shown). Low or no PD-L2 expression was observed on any of the cell types tested in the CT26-MUC1 tumor model (data not shown).
Having observed this arsenal of PD-1 C and PD-L1 C immune and lung tumor cells after TG4010 treatment and more than 20 days of tumor growth, we tested whether sequential treatment with corresponding blocking antibodies at this late time point would have a beneficial effect on survival. Groups of fifteen CT26-MUC1-injected mice, were treated with TG4010 (IV injection of 5 £ 10 7 pfu) at day 2 and day 9, followed by intraperitoneal injection of 250 mg of anti-PD-1 and 200 mg of anti-PD-L1 antibodies at day 20, 24, 28 and 31. Two independent experiments, carried out in two different animal facilities, led to distinct survival profiles in untreated mice (Fig. 4A) . A delay in tumor onset was observed in mice receiving TG4010 and anti-PD-1/PD-L1 sequential treatment versus TG4010 alone (adjusted log-rank p-values were 0.105 (experiment A) and 0.135 (experiment B)) with a median difference of 2.5 and 3 days. A stratified log-rank test was carried out by combining the two experiments to increase statistical power. Fig. 4B provides log-rank p-values and relative HR of different treatment groups in experiment A, in experiment B and in a meta-analysis of both (ACB). Significantly longer survival was found for mice receiving TG4010 and anti-PD-1/PD-L1 compared to the three other groups (for TG4010 comparison pvalue D 0.024, adjusted p-value D 0.035 after Benjamini-Hochberg adjustment, HR of meta-analysis was 0.61). TG4010 was associated with a longer overall survival than buffer (adjusted p-value D 0.034) with a HR of 0.53 (95% confidence interval was [0.32,0.88]) but TG4010 and anti-PD-1/PD-L1 provided a more favorable HR of 0.32 (95% confidence interval was [0.19,0.55]). The lower HR observed with the combined therapy indicates that animals receiving the combination regimen had a lower risk of death than animals under other treatments. These data reflect the superiority of a sequential immunotherapeutic intervention over either regimen alone, while taking in account the delayed effect of immunotherapeutic treatments that may affect interpretation of median survival alone.
In conclusion, our immunophenotyping studies suggest an immunosuppressive environment in late stage lung tumor Figure 3 . Immune cell analysis in the CT26-MUC1 model. For A and B, tumor bearing mice (four mice per group) were sacrificed two days after the first TG4010 IV injection, and 2 or 8 days after the second injection. The lungs were processed for flow cytometry as described in Fig. 2. Fig. 3A shows the percentage of CD3
¡ EECs among living CD8 C T cells after one or two MVA vector injections. Fig. 3B shows the PD-1 expression on EECs as median fluorescence intensity minus control (MedFI-ctr). Antibodies used were PD-1-PE (clone HA2-7B1) and its isotype control PE-IgG2b (ES26-SE12.4), provided by Miltenyi Biotec. ANOVA model was carried out for Tumor Ã Time interaction, with post-hoc comparisons between samples at each time point usingTukey multiplicity adjustment (adjusted p-values are reported). For Fig. 3C and 3D , tumor-bearing mice, treated or not at day 2 and 9, with TG4010, were sacrificed at day 22 to 28 of tumor growth. Single-cell suspensions of 2 to 5 pooled lungs were firstly incubated with anti-mouse CD16/CD32 blocking antibodies (eBiosciences) and then stained using the LIVE/DEAD Fixable Near-I/R Dead Cell Stain Kit (Molecular Probes). The fluorochrome-conjugated antibodies used for cell phenotyping were: anti-CD3e-PE-Cy7 (clone 145-2C11), CD4-Alexa Fluor 700 (clone RM4-5) and Ly-6C-PE-Cy7 (clone AL-21) from BD Pharmingen, CD8a-V500 (clone 53-6. 
F4/80
C macrophages within the CD11b lo Ly-6G neg-int gate. These macrophages were categorized as AM as they appeared Siglec F hi in a separate experiment. 24 Histograms are representative of the 3 experiments.
samples. The up-regulation of PD-1 on EECs due to the TG4010 treatment, as well as the persistence of PD-1 C Treg cells, could be considered a threat for the efficiency of TG4010. EECs are crucial for T cell specific responses since they are the precursors for both effector and memory T cells. 17 Up-regulation of PD-1 on EECs might prevent the proliferation of SLECs and memory precursor effector cells. Park and co-authors have identified the interaction between PD-1 C Treg cells and PD-L1 on effector T cells as one cause for potent T cell suppression in chronic viral infection in murine systems. 21 In lung cancer patients, the increased frequency of Treg cells and their PD-1 expression in peripheral blood samples was discussed as a possible explanation for impaired adaptive immunity. 22 In this regard, our preclinical syngeneic tumor model, even-though based on engineered murine colon cancer cells, seems to be a valuable tool to mimic certain aspects of the human disease. In addition, the triggering of an immune response in mice against human MUC1 expressed by CT26 cells is challenging due to the sequence homology between human and murine MUC1. 4 Further, the serial passaging of the parental CT26 tumor in mice has most likely led to the selection of clones with lower antigen load, 23 and rendered the immune stimulation against CT26-based tumors in the absence of strong antigens like for instance b-galactosidase even more difficult. Nevertheless, administration of PD-1/PD-L1 blocking agents led to measurable benefit on tumor growth and survival, suggesting that the tumor immunosuppressive action on the vaccine could be counteracted. Our observations provide a strong incentive for the combination of TG4010 with anti-PD-1/anti-PD-L1 in the clinic. The development of MVA-based immunotherapy with more immunogenic epitopes, combined with PD-1/PD-L1 blockade, may lead to further improvement of their therapeutic efficacy and holds great promise in this context of high medical need. 
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